Mutations of the tyrosine kinase-directed ubiquitin ligase CBL cause myeloid leukemias, but the molecular determinants of the dominant leukemogenic activity of mutant CBL oncogenes are unclear. Here, we first define a gain-of-function attribute of the most common leukemia-associated CBL mutant, Y371H, by demonstrating its ability to increase proliferation of hematopoietic stem/progenitor cells (HSPCs) derived from CBL-null and CBL/CBL-B-null mice. Next, we express secondsite point/deletion mutants of CBL-Y371H in CBL/CBL-B-null HSPCs or the cytokine-dependent human leukemic cell line TF-1 to show that individual or combined Tyr 3 Phe mutations of established phosphotyrosine residues (Tyr-700, Tyr-731, and Tyr-774) had little impact on the activity of the CBL-Y371H mutant in HSPCs, and the triple Tyr 3 Phe mutant was only modestly impaired in TF-1 cells. In contrast, intact tyrosine kinase-binding (TKB) domain and proline-rich region (PRR) were critical in both cell models. PRR deletion reduced the stem cell factor (SCF)-induced hyper-phosphorylation of the CBL-Y371H mutant and the c-KIT receptor and eliminated the sustained p-ERK1/2 and p-AKT induction by SCF. GST fusion protein pulldowns followed by phospho-specific antibody array analysis identified distinct CBL TKB domains or PRR-binding proteins that are phosphorylated in CBL-Y371H-expressing TF-1 cells. Our results support a model of mutant CBL gain-offunction in which mutant CBL proteins effectively compete with the remaining wild type CBL-B and juxtapose TKB domain-as-sociated PTKs with PRR-associated signaling proteins to hyperactivate signaling downstream of hematopoietic growth factor receptors. Elucidation of mutant CBL domains required for leukemogenesis should facilitate targeted therapy approaches for patients with mutant CBL-driven leukemias.
The CBL family ubiquitin ligases (E3s) specifically interact with activated protein-tyrosine kinases (PTKs) 6 and target them for ubiquitination followed by lysosomal or proteasomal degradation (1) . Members of this protein family, which includes CBL, CBL-B, and CBL-C in mammals, share a highly conserved N-terminal tyrosine kinase-binding (TKB) domain, a short linker helical region (LHR), and a RING finger (RF) domain. The LHR and RF domains dictate the ubiquitin ligase (E3) activity of CBL family proteins by serving as a structural platform for optimal binding of a ubiquitin-conjugating enzyme (E2).
CBL and CBL-B, but not CBL-C, contain an extensive C-terminal region that includes a proline-rich region (PRR) for interactions with SH3 domain-containing proteins such as Grb2, Nck, CIN85, and Src family PTKs (2) (3) (4) (5) (6) and several tyrosine residues that undergo phosphorylation by associated PTKs to form binding sites for interactions with SH2 domain-containing signaling intermediates: Tyr(P)-700 (numbering corresponds to human CBL residues) mediates binding to Vav family of Rho/Rac/Cdc42 guanine nucleotide exchange factors; Tyr(P)-731 mediates binding to PI3-kinase via its p85 subunit, and Tyr(P)-774 mediates binding to Crk family adaptors, which in turn promote the interaction with C3G, a guanine nucleotide exchange factor for Ras-related small GTPases Rap1 (6 -9) . Near the C terminus, CBL and CBL-B contain a leucine zipper/ ubiquitin-associated (UBA) domain involved in ubiquitin binding and dimerization of CBL proteins (10, 11) .
Investigations in a variety of cell biological models have elucidated the basic biochemical mechanisms by which CBL proteins function as negative regulators of PTK signaling (1, 12) . Following cell surface receptor stimulation and activation of intrinsic (for receptor tyrosine kinases (RTKs)) or non-covalently associated PTK, CBL proteins are recruited through the interaction of their TKB domains to specific phosphotyrosine (Tyr(P))containing motifs on PTKs. Interaction with PTKs leads to phosphorylation of CBL on multiple residues, including a key regulatory tyrosine within the LHR (human CBL-Tyr-371). This phosphorylation event causes a conformational change in CBL that activates its E3 ubiquitin ligase activity by creating a more optimal E2 interaction interface on the LHR and RF domain and by positioning the bound E2 in closer proximity to the TKB domainbound PTK target (13) . Mutational studies have established that the conserved TKB domain, LHR and RF domains, are required for CBL to function as a negative regulator of PTKs (14 -16) . Interaction partners that associate with the PRR or Tyr(P) motifs also undergo ubiquitin-dependent negative regulation, although the role of degradation of these targets is less clear (17) (18) (19) . Thus, CBL functions as an activation-induced negative feedback regulator of PTK-mediated receptor signaling. Consistent with this role, mice with deletion of CBL, CBL-B, or both exhibit hyperactive PTK signaling and associated biological phenotypes (1, 20 -24) .
A substantial number of recent studies (15, (25) (26) (27) (28) (29) (30) (31) have revealed that mutations in CBL, and less frequently CBL-B, are associated with various types of myeloid malignancies, accounting for about 3.5% of all hematological malignancies (COSMIC database). In particular, CBL mutations are found in up to 15% of patients within the category of including the juvenile myelomonocytic leukemia (JMML), chronic myelomonocytic leukemia, and atypical chronic myeloid leukemia cases. Notably, these mutations cluster in the LHR and RF domain, regions indispensable for the E3 activity of CBL proteins. The most common site of CBL mutations in myeloid leukemias involves the regulatory Tyr-371 residue in the LHR, accounting for nearly 10% of all CBL mutations in hematological malignancies. Moreover, this mutation is invariably found in JMML patients, most of whom represent germ line transmission of the mutant gene from a non-cancerous heterozygous parent with Noonan syndrome (27) . Oncogenic mutations of CBL-Tyr-371 have been established to abrogate the E3 activity (27, 32, 33) . Thus, clinical evidence strongly suggests that loss of E3 activity of CBL mutants is a critical feature leading to the conversion of a negative regulatory CBL protein into a dominant oncogene.
A key additional feature of CBL mutations found in myeloid leukemias is that the remaining wild type (WT) CBL allele is replaced by the mutant allele, resulting in the frequently observed acquired uniparental disomy at the 11q-23 locus where the CBL gene is located (15, 27, 30) . This has led to suggestions that mutant CBL proteins may function through a gain-of-function mechanism and/or by competing with the remaining wild type CBL family member CBL-B (34) , because CBL-C is not expressed in hematopoietic lineages (35) . Consistent with this idea, mouse hematopoietic stem cell knock-out of CBL and CBL-B together (36, 37) or a CBL RF domain mutant knock-in on a CBL-null background (16) leads to a myeloproliferative disease similar to human leukemic disease caused by CBL/ CBL-B mutations. How the leukemia-associated CBL mutants function as dominant oncogenes, however, remains unclear. This question is of obvious interest, as this information could help design therapeutic strategies to treat patient with mutant CBL-driven leukemia. Because mutant CBL proteins are expected to interact with cellular partners of normal CBL, and may also interact with other proteins, we undertook a structure-function analysis to delineate the structural regions in mutant CBL that are essential for its leukemogenic activity using in vitro cell models. By expressing the most common leukemia-associated CBL mutant (CBL-Y371H) in CBL-null or CBL/CBL-B-null hematopoietic stem/progenitor cells, we show that mutant CBL functions both through competition with endogenous CBL-B and an inherent gain-of-function. By engineering second-site mutations or deletions in key structural motifs/domains of the CBL-Y371H mutant to disable its protein-protein interactions, we identify a critical role of the proline-rich region in its ability to promote cytokine hypersensitivity in murine primary hematopoietic stem/progenitor cells (HSPCs), which we confirm and extend by expressing these engineered mutants in the TF-1 human leukemia cell line. Coupled with an essential requirement of an intact TKB domain of mutant CBL, our results provide a model for how mutant CBL functions as a dominant oncogene.
Results

Demonstration of a Gain-of-Function Phenotype of Leukemiaassociated CBL Mutant, CBL-Y371H, through Expression in CBL-null and CBL/CBL-B-null Primary Mouse Hematopoietic
Stem/Progenitor Cells-Clinical studies and experimental modeling in mice or in vitro (15, 27, 30) have demonstrated that loss of endogenous WT CBL expression is a prerequisite for mutant CBL-driven leukemogenesis. Furthermore, introduction of an oncogenic CBL mutant into murine HSPCs led to cytokine hyper-responsiveness, a feature of mutant CBL-associated human leukemias (15) . These findings have promoted the idea that CBL mutants attain gain-of-function attributes (15, 34) . Yet, deletion of both alleles of CBL or even two alleles of CBL and one allele of CBL-B in mouse HSPCs did not trigger myeloproliferative disease, whereas homozygous CBL/CBL-B deletion produced a rapidly lethal myeloproliferative disease (38) . Thus, whether the gain-of-function of mutant CBL simply reflects the relative increase in the dosage of mutant CBL protein relative to that of CBL-B, the remaining wild type CBL family member expressed in hematopoietic stem cells or a true gain-of-function that can be observed in the absence of any wild type CBL and CBL-B expression is unknown. To address this issue, we introduced retroviruses that code for WT CBL or the leukemia-associated CBL-Y371H mutant ( Fig. 1A ) as well as GFP into primary mouse CBL-null or CBL/CBL-B-null HSPCs, selected the infected cells by FACS based on GFP expression ( Fig. 1B) , and assessed the extent of cytokine hyper-responsiveness imparted by mutant CBL expression. As reported previously (15) , introduction of CBL-Y371H into CBL-null HSPCs led to a marked hyper-responsiveness to stem cell factor (SCF) or thrombopoietin (TPO), as assessed using cell counting as an index of proliferation ( Fig. 1, C-E) . Notably, although CBL-Y371H expression was not enough to promote cytokine inde-pendent proliferation, it enhanced the survival of CBL-null cells under cytokine-independent conditions (Fig. 1C ). In contrast, WT CBL expression led to an expected small reduction in cytokine responsiveness ( Fig. 1 , C-E). Next, we expressed the WT CBL or CBL-Y371H mutant in CBL/CBL-B DKO HSPCs and assessed their responsiveness to SCF or thrombopoietin, as above. As we have shown previously (36, 37) , CBL/CBL-B DKO HSPCs by themselves show a dramatically heightened response to cytokines ( Fig. 1, F-H) . In this setting, introduction of WT CBL led to a marked reduction in the level of basal and cytokine-induced cell proliferation ( Fig. 1, F-H) . Notably, despite the marked hyperproliferation of CBL/CBL-B DKO HSPCs, CBL-Y371H mutant expression led to a significant further increase in cytokine-induced proliferation; this was more clearly seen under cytokine-independent conditions and in TPO-treated groups (Fig. 1, F-H) . These results show that mutant CBL proteins attain a true gain-of-function phenotype that can be seen even in the absence of any WT CBL family proteins.
Deletion of the Proline-rich Region of CBL-Y371H Mutant Abrogates Its Ability to Promote Cytokine Hypersensitivity in
HSPCs-The leukemia-associated oncogenic mutations of CBL cluster in the LHR and RF domain and inactivate the E3 activity FIGURE 1. Analysis of gain-of-function of CBL-Y371H in CBL-null and CBL/CBL-B-null primary mouse HSPCs. A, schematic illustration of various secondsite mutants of CBL-Y371H mutants used in this study. B, mouse primary HSPCs were isolated and infected with the indicated retroviruses as described under "Experimental Procedures." Data shown are representative FACS plot of the GFPϩ population from Cbl null and Cbl/Cbl-b DKO HSPCs. C-H, lineage-negative HSPCs were purified by immuno-depletion of lineage-positive mature cells from bone marrow mononuclear cells collected from CBL-null (C-E) or CBL/CBL-B-null (DKO) mice (F-H). The cells were retrovirally infected to express the indicated constructs carrying an IRES-GFP, and infected (GFPϩ) cells obtained by FACS sorting were assessed in three replicates for cytokine-independent (C and F), SCF-stimulated (D and G), or TPO-stimulated (E and H) proliferation as described under "Experimental Procedures." For each in C-H, left is one representative experiment with six replicates (mean Ϯ S.D.); right is pooled data of three independent experiments shown as percentage of uninfected control (mean Ϯ S.E.). *, p Ͻ 0.05. (15) , but the key protein-protein interaction motifs and domains, including the C-terminal proline-rich region and the tyrosine phosphorylation sites, are intact in the oncogenic mutant. To determine whether these domains/motifs of mutant CBL are required for leukemogenic activity, we engineered HA-CBL-Y371H mutant constructs in which secondsite mutations or deletions were introduced ( Fig. 1A) as follows: the Tyr 3 Phe mutations of Tyr-700, Tyr-731, and Tyr-774 to disable interactions with the corresponding SH2 domain-containing signaling proteins or deletion of amino acids 477-688 to create an internal deletion of the proline-rich region.
To examine the impact of the C-terminal phosphorylation sites on the oncogenic ability of CBL-Y371H mutant, DKO HSPCs were infected with retroviruses encoding CBL-Y371H with secondary Tyr 3 Phe mutations of Tyr-700, Tyr-731, and Tyr-774, individually or together. SCF-induced cell proliferation of GFPϩ (mutant-expressing) cells was assessed to determine the effect of Tyr 3 Phe mutations on the ability of CBL-Tyr-371 mutant to promote SCF hyper-responsiveness. Notably, the enhancement of SCF-dependent cell proliferation conferred by the CBL-Tyr-371 mutant expression was unaffected by individual as well as combined Tyr 3 Phe mutations of Tyr-700, Tyr-731, and Tyr-774 ( Fig. 2A ).
Because the marked cytokine hypersensitivity of CBL/CBL-B-null HSPCs results in a more modest further increment upon CBL-Y371H expression, the subsequent structure-function analyses were carried out using CBL-null HSPCs. Remarkably, the CBL-Y371H mutant with a secondary deletion of the PRR showed a drastically reduced ability to promote the cytokineindependent as well as the cytokine-dependent hyper-proliferation of CBL-null HSPCs, based on both cell counting and colony-forming assays of cell proliferation (Fig. 2, B-D) . This finding demonstrated, for the first time, that the C-terminal sequences of mutant CBL distinct from the mutational hot spot region (LHR and RF), and in particular the PRR, are required for the oncogenic activity of leukemia-associated mutant CBL.
Proline-rich Region and an Intact TKB Domain Are Required for CBL-Y371H Mutant to Promote Cytokine Hypersensitivity and Cytokine-independent Survival of Cytokine-dependent TF-1 Leukemia Cell Line-To further establish the requirement of the PRR of mutant CBL in its gain-of-function phenotype and to begin to gain mechanistic insights, we carried out further analyses using the GM-CSF-dependent TF-1 human leukemic cell line model that has been used recently to demonstrate the signaling aberrations caused by leukemia-associated CBL mutants (32, 39, 40) . Infection of TF-1 cells with retroviruses FIGURE 2. Proline-rich region of CBL-Y371H mutant is essential for its gain-of-function phenotype in HSPCs. A, CBL/CBL-B DKO mouse HSPCs were isolated, retrovirally infected with the indicated CBL constructs, and infected (GFPϩ) cells FACS-sorted as in Fig. 1 , followed by analysis of SCF-induced proliferation (1 ng/ml) using the Cell TiterGlo assay. B-D, CBL-null mouse HSPCs were retrovirally infected with the indicated CBL constructs, and GFPϩ cells were assessed in three replicates for cytokine-independent (B) or SCF-stimulated proliferation (C) (Cell TiterGlo), or for SCF-stimulated colony forming ability (D). Proliferation based on luminescence arbitrary unit in A-C was normalized to the vector-only control. Shown is pooled data of three independent experiments demonstrated as percentage to vector-only control (mean Ϯ S.E.). used above for HSPCs was carried out, and FACS-sorted GFPϩ cells were propagated to generate stable cell lines expressing the HA epitope-tagged CBL-Y371H or HA-CBL-WT and a control line with empty vector alone. The expression of exogenous CBL proteins was verified using Western blotting with an anti-HA antibody (Fig. 3A ). We next compared the effect of ectopic mutant versus WT CBL expression in TF-1 cells on cell survival under GM-CSF deprivation conditions. Confirming previous reports (32, 39, 40) , CBL-Y371H-expressing TF-1 cells exhibited a modest but significant increase in viable cell numbers when grown in GM-CSF-free medium compared with empty vector or WT CBL-expressing cells (Fig. 3B ). Next, we compared the control, CBL-WT-, and CBL-Y371H-expressing TF-1 cells for relative sensitivity to GM-CSF by measuring cell proliferation in response to increasing concentrations of GM-CSF. The CBL-Y371H-expressing cell line showed a moderate but significant shift in the dose-response curve toward the left compared with vector control and CBL-WT-expressing cell lines ( Fig. 3C ), and the difference between CBL-Y371H and CBL empty vector was significant.
Although the GM-CSF dose-response analysis indicated that the CBL-Y371H mutant expression led to GM-CSF hyper-responsiveness, the magnitude of this effect was modest. Our recent studies in murine hematopoietic stem cells have highlighted the importance of stem cell factor (SCF)/c-KIT receptor signaling as an important target of CBL proteins (37) . Furthermore, aberrations of c-KIT signaling are well established in myeloid leukemia (41) . Consistent with the low levels of surface c-KIT, stimulation with increasing concentrations of SCF (in the absence of GM-CSF) only elicited a modest increase in the proliferation of vector control and CBL-WT-expressing TF-1 cell lines (Fig. 3D ). In contrast, CBL-Y371H-expressing TF-1 cells exhibited a robust and SCF dose-dependent increase in proliferation compared with that of WT CBL or empty vector expressing cell lines (Fig. 3D ). The relatively low SCF-induced cell proliferation of control cell lines versus a robust prolif- 
. Expression of CBL-Y371H in TF-1 leukemic cell line enhances cytokine-independent as well as cytokine-dependent proliferation.
A, TF-1 cells were retrovirally infected with the vector or the indicated HA-tagged CBL constructs, the GFPϩ population sorted and maintained continuously in GM-CSFcontaining media. The expression of ectopic CBL constructs was verified using immunoprecipitation of cell lysates with anti-HA antibody. Reactivity with the culture medium-derived IgG heavy chain bands in the lysates provides a loading control. B and C, TF-1 cell lines expressing the indicated CBL constructs were GM-CSF deprived for 24 h, followed by culture in medium without GM-CSF (B) or supplemented with the indicated concentrations of GM-CSF (C). D, TF-1 cell lines expressing the indicated CBL constructs were GM-CSF deprived for 24 h, followed by culture in medium supplemented with the indicated concentrations of SCF. Proliferation was assessed after 72 h, using the Cell TiterGlo assay. B-D, left is one representative experiment with six replicates (mean Ϯ S.D.); right is pooled data of three independent experiment shown as percentage to vector only control (mean Ϯ S.E.). *, p Ͻ 0.05. eration of the CBL-Y371H-expressing cell line provided a sensitive measure of the ability of the CBL-Y371H mutant and its second-site mutants to up-regulate PTK signaling downstream of a hematopoietic RTK intimately associated with leukemogenesis.
To determine the importance of the protein-protein interaction domains/motifs of mutant CBL in the TF-1 cell model, we utilized selected second-site mutants of CBL-Y371H based on analyses of the HSPCs above: CBL-Y371H with Tyr 3 Phe mutations of Tyr-700, Tyr-731, and Tyr-774 together or an internal deletion of the PRR (amino acids 477-688). In addition, we utilized a second-site mutant with a truncation after amino acid 436 to delete all of the C-terminal motifs and a G306E point mutant to abrogate the ability of the TKB domain to bind to activated PTKs (Fig. 1A) . The corresponding mutations were also engineered within a WT CBL construct as controls. These second-site mutants were retrovirally transduced into TF-1 cells, and the cells were selected based on GFP expression, and the expression of the introduced constructs was verified by Western blotting with an anti-HA antibody (Fig.  4A ). The impact of the second-site mutations on the oncogenic activity of the CBL-Y371H mutant in TF-1 cells was assessed by measuring the SCF-induced cell proliferation (Fig. 4B) .
In contrast to the unmodified CBL-Y371H mutant, expression of the same mutant with a secondary G306E mutation eliminated the hypersensitivity of TF-1 cells to SCF stimulation ( Fig. 4B ), demonstrating that the ability of mutant CBL to bind to its PTK targets is essential for its oncogenic activity. As expected, the WT CBL or its G306E mutant had no significant impact on the SCF response of TF-1 cells. Notably, the CBL-Y371H mutant with an engineered internal PRR deletion (CBL-Y371H-⌬PRR) was drastically impaired in its ability to impart the SCF hypersensitivity, indicating that the PRR-mediated protein-protein interactions are indispensable for oncogenic activity of mutant CBL. Notably, the combined mutation of Y700F/Y731F/Y774F induced a modest but significant decrease in CBL-Tyr-371-induced SCF responsiveness, suggesting that the protein-protein interactions mediated by the phosphorylation sites within the C-terminal part of mutant CBL do play a positive role in the oncogenic activity of mutant CBL in the TF-1 model. Consistent with our results using the CBL-Y371H mutant with Tyr 3 Phe secondary mutations or PRR deletion, truncation of CBL-Y371H distal to the RF domain (CBL-Y371H-436-Stop), which excludes the prolinerich region as well as the phosphorylation sites, completely abrogated its ability to promote TF-1 cell hyper-proliferation in response to SCF, clearly establishing that the C-terminal motifs of mutant CBL are required for oncogenic activity.
We also tested TF-1 cells expressing selected second-site mutants of CBL-Y371H for cytokine-independent proliferation ( Fig. 4C ). Interestingly, TF-1 cells expressing the CBL-Y371H-Y700F/Y731F/Y774F mutant displayed cytokine-independent growth comparable with that of cells expressing the unmodified CBL-Y371H mutant. In contrast, TF-1 cells expressing the internal PRR deletion mutant of CBL-Y371H failed to exhibit the cytokine-independent growth advantage, further demonstrating the importance of an intact PRR of mutant CBL for its oncogenic activity. Altogether, these data reveal an essential role of the TKB domain and the PRR of mutant CBL for its oncogenic activity, with a positive but less critical role of tyrosine phosphorylation sites.
Proline-rich Region of Mutant CBL Is Critical for Its Ability to Enhance SCF-induced c-KIT Signaling-Studies using HSPCs derived from mouse models of mutant CBL leukemogenesis and leukemic cell lines have demonstrated that cytokine hypersensitivity promoted by mutant CBL proteins or by loss of CBL/ CBL-B expression is associated with increased downstream signaling (16, 32, 37, 39, 40, (42) (43) (44) . Given our findings that the PRR of mutant CBL is essential for its ability to promote cytokine hyper-responsiveness, we assessed the impact of PRR deletion on the ability of the CBL-Y371H mutant to promote the hyper-activation of signaling in response to SCF stimulation. TF-1 cells stably expressing CBL-Y371H or its PRR deletion construct were stimulated with SCF for various time point, and the levels of phosphorylated AKT and ERK1/2 were assessed using Western blotting of cell lysates (Fig. 5A ). As expected (16, 37) , SCF stimulation induced a higher and more sustained AKT and ERK1/2 phosphorylation in CBL-Y371H-expressing TF-1 cells compared with the empty vector or WT CBL-expressing control cells. Importantly, the TF-1 cells expressing the PRRdeleted CBL-Y371H mutant failed to exhibit the enhanced and sustained AKT and ERK1/2 phosphorylation ( Fig. 5A ).
We also examined the impact of the expression of CBL-Y371H or its PRR deletion mutant on the kinetics of the loss of c-KIT receptor upon SCF stimulation. As expected (37, 45) , the total and phosphorylated c-KIT levels declined in a time-dependent manner following SCF stimulation of the vector control TF-1 cells (Fig. 5, B and C) . In contrast, the down-regulation of phospho-c-KIT levels was delayed in SCF-stimulated TF-1 cells expressing the CBL-Y371H mutant compared with control TF-1 cells expressing the empty vector, consistent with the previously established role of CBL in the down-regulation of c-KIT (43, 46, 47) and other receptor tyrosine kinases (1). Notably, TF-1 cells expressing the CBL-Y371H-⌬PRR mutant showed a reduced level of phosphorylation of c-KIT compared with that observed in CBL-Y371H-expressing cells, although the kinetics of total c-KIT down-regulation did not differ substantially between the two cell lines (Fig. 5, B and C) . Furthermore, FACS analysis of live cells revealed slower down-regulation of surface c-KIT upon SCF stimulation in TF-1 cell expression of CBL-Y371H compared with empty vector control, whereas TF-1 cells expressing the CBL-Y371H-⌬PRR mutant exhibited a c-KIT down-regulation kinetics comparable with that of the vector control cells (Fig. 5D ). To exclude the possibility that altered SCF signaling seen upon CBL-Y371H mutant expression in TF-1 cells can also be observed in leukemia cell lines with endogenously expressed mutant CBL, we compared the SCF-induced c-KIT and CBL phosphorylation in THP-1 (wild type CBL and c-KIT) and GDM-1, which c-KIT harbors biallelic CBL-R420Q RING finger mutations (44) . Currently, GDM1 cell line is the only reported myeloid leukemia cell line with a duplicated CBL mutation akin to that seen in leukemia patients with CBL mutations. Consistent with low levels of c-KIT expression in THP-1 cells, a relatively low level of c-KIT and CBL phosphorylation was seen upon SCF stimulation ( Fig.  5E , longer exposure). In contrast, SCF stimulation of c-KIT in GDM-1 cells, which express high levels of c-KIT, exhibited high and sustained levels of c-KIT phosphorylation (Fig. 5E ); notably, even though the levels of total CBL in the GDM1 cell line are lower than that in THP-1 cells, markedly higher and sustained phosphorylation of CBL was seen in these cells (Fig. 5E ). These analyses further support our conclusion that mutant CBL promotes sustained c-KIT phosphorylation and signaling.
CBL-Y371H Mutant Is Hyper-phosphorylated Following SCF Stimulation and the Internal PRR Deletion Negates This
Effect-One characteristic of oncogenic CBL mutants, observed in leukemic cells as well as upon ectopic expression, is their hyper-phosphorylation (14, 46, 48) . We therefore examined the impact of PRR deletion on the hyper-phosphorylation of the CBL-Y371H mutant under basal conditions and upon SCF stimulation. Growth factor-deprived TF-1 cells expressing the HA-tagged CBL-Y371H mutant or its PPR deletion were either left unstimulated or stimulated with SCF for the indicated time points followed by immunoprecipitation of CBL and Western blotting with anti-Tyr(P), anti-phospho-CBL Tyr-700, or anti-phospho-CBL Tyr-774 antibodies to assess the level of phosphorylation on mutant CBL proteins. Notably, despite higher expression of the PRR-deleted CBL-Y371H mutant, it displayed lower levels of basal as well as SCF-induced tyrosine phosphorylation as detected by either anti-Tyr(P) or phosphotyrosine site-specific antibodies (Fig. 6A) . A time course experiment revealed that while the SCF-induced phosphorylation of CBL-Y371H mutant was sustained for Ͼ90 min (the longest time point analyzed) that of the PRR-deleted mutant was transient, reaching basal levels by 30 min (Fig. 6A) . These results suggest that interactions mediated by the PRR are required for the hyper-phosphorylation of mutant CBL.
PRR of CBL-Y371H Mutant Is Required to Promote Hyperphosphorylation of Certain Signaling Pathway Proteins Downstream of SCF and Shows Preferential Interaction with Some of These Proteins-To gain further insights into the requirements of the TKB domain and the PRR for the leukemogenic ability of CBL-Y371H mutant, we undertook a combination of GST fusion protein pulldown assays and a commercially available antibody array-based detection approach focused on phosphoproteins linked to normal as well as oncogenic signaling. We first assessed whether any of the proteins exhibiting hyper-phosphorylation on a tyrosine residue in the CBL-Y371H mutantexpressing TF-1 cells were potential TKB domain or PRR-bind-ing partners. For this purpose, we used bacterially expressed GST fusion proteins of the N-terminal TKB domain (GST-CBL-N) or the C-terminal part of CBL (CBL-C), which includes the proline-rich region, to carry out a pulldown from CBL-Y371H-expressing cells that were stimulated with SCF. Of note, the bacterially expressed GST fusion proteins lack any phosphorylation on tyrosine residues, which are present within the FIGURE 5. Proline-rich region of CBL-Y371H mutant essential for enhanced signaling downstream of SCF-induced c-KIT activation. TF-1 cell lines expressing the indicated CBL mutant constructs were GM-CSF-deprived and then either left unstimulated (time 0) or stimulated with SCF (100 ng/ml) for the indicated time points (minutes). A-C, cell lysates were subjected to Western blotting for the indicated proteins: p-ERK, total ERK, and p-AKT (A) and total c-KIT and p-c-KIT (B). Shown is a representative experiment of two independent repeats with similar results. C, phospho-c-KIT signals in Western blottings were quantified using ImageJ analysis of scanned images, and the signals were first normalized to HSC-70 and then expressed as phospho-c-KIT signals relative to those in vector-transfected cells at 5 min, which were assigned a value of 1. Shown are pooled data of three independent repeats (mean Ϯ S.E.). Red asterisks (*) indicate significance between CBL-Y371H and CBL-Y371-⌬PRR, and black asterisks (*) show significance between CBL-Y371H and vector cells (D). The indicated live TF-1 cell lines were analyzed by FACS for surface levels of c-KIT at various points after SCF stimulation. Mean fluorescence intensity relative to unstimulated controls is plotted. Shown are pooled data of three independent repeats. *, p Ͻ 0.05. E, THP-1 and GDM-1 cell lines were serum-deprived for 24 h and then left unstimulated or stimulated with SCF (100 ng/ml) for the indicated time points (minutes). Cell lysates were Western-blotted for phospho-c-KIT, total c-KIT, phospho-CBL, total CBL, and total CBL-B with HSC-70 used as a loading control. Shown is a representative of two independent repeats with similar results. 4) . The molecular mass markers (in kilodaltons) are indicated on left. C, antibody array analysis of phosphoproteins in whole cell lysates. TF-1 cells expressing empty vector, CBL-Y371H, or CBL-Y371H-⌬PRR were GM-CSF-deprived and stimulated with SCF for 15 min. Cell lysates were collected in the antibody array lysis buffer supplied with the kit and incubated with antibody array filters and developed using enhanced chemiluminescence, followed by densitometry analysis of phosphoprotein signals. Signals were expressed relative to those in unstimulated vector control TF-1 cell lysates. D, antibody array analysis of preferential binding of cellular phosphoproteins with PRR-containing GST-CBL-C versus GST-CBL-N (TKB domain). TF-1 cells expressing CBL-Y371H were GM-CSF-deprived and stimulated with SCF for 15 min. 5-mg aliquots of cell lysate protein were incubated with 50 g of glutathione-Sepharose-bound GST-CBL-N or GST-CBL-C fusion proteins. Bound proteins were eluted in 1% SDS-containing lysis buffer by a 5-min incubation at 95°C, cooled to room temperature, diluted 10-fold in antibody array buffer, and analyzed for phosphoprotein signals using antibody arrays as in C. Data are presented as a ratio of GST-CBL-C pulldown signals over GST-CBL-N pulldown signals for each phosphoprotein. Boxes indicate preferential binding to GSCT-CBL-C or GST-CBL-N.
Domain Requirements for Mutant CBL Leukemogenesis
to interact with phosphorylated PTKs (1), including c-KIT (50), anti-Tyr(P) blotting of GST-CBL-N pulldown included prominent bands in the region where phospho-c-KIT is expected to migrate, and anti-phospho-c-KIT immunoblotting confirmed this (Fig. 6B) . In contrast, fewer Tyr(P)-containing bands were detected in GST-CBL-C pulldowns, notably a band in the 55-60-kDa range, and only weak phospho-c-KIT signals were detected (Fig. 6B) . Given that only few Tyr(P)-containing bands were seen with GST-CBL-C pulldown, we utilized an unbiased approach to query the pulldowns using a commercial antibody array of phosphoproteins linked to PTK signaling (phosphokinase array, R & D Systems).
First, GM-CSF-deprived TF-1 cells expressing the CBL-Y371H mutant or its PRR deletion as well as empty vector control cells were stimulated with SCF for 15 min, and their lysates were used to probe the relative level of phosphorylation of individual proteins represented in the antibody array. Lysates of unstimulated empty vector control TF-1 cells were used to normalize the level of phosphorylation for each individual protein. Albeit the differences were modest, higher p-AKT and p-ERK signals were seen in lysates of CBL-Y371H,-expressing cells compared with control lysates, and these signals were reduced in lysates of cells expressing the PRR-deletion mutant of CBL-Y371H ( Fig. 6C) , confirming the results obtained with traditional Western blotting (Fig. 5A ). In addition, other cellular signaling proteins, such as STAT proteins, showed moderately elevated phosphorylation in CBL-Y371H mutant-expressing TF-1 cells, and this was reduced in cells expressing the PRR deletion mutant (Fig. 6C ). These results further support a role of the mutant CBL PRR in the hyper-activation of cellular signaling.
Next, we carried out GST-CBL-N or GST-CBL-C pulldowns from lysates of SCF-stimulated CBL-Y371H mutant-expressing TF-1 cells. The GST fusion protein-bound proteins were eluted in 1% SDS-containing buffer and diluted in the antibody array sample buffer to reduce the SDS concentration to 0.1% followed by analysis of these samples using the phospho-protein antibody array to assess those signaling proteins that might have selectivity for binding to PRR or TKB domain. By expressing the signals of phosphoproteins as a ratio of signals in the GST-CBL-C pulldown over the GST-CBL-N pulldown, we observed moderate to high selective pulldown of Src family kinases (Lck, Lyn, Fyn, and Yes) and PLC␥1 with the PRR-containing GST-CBL-C fusion protein (Fig. 6D ). However, signaling proteins involved in JAK-STAT signaling appeared modestly enriched in the CBL TKB domain pulldown (Fig. 6D ). There is an overlap between the phospho-protein pulldowns with the TKB domain, and the PRR is consistent with previous findings that CBL can interact with its targets, such as the SRC family kinase Fyn, through multiple independent interactions (49) . Collectively, these data support a critical role for the PRR and TKB domain of mutant CBL in hyper-activating hematopoietic growth factor receptor signaling.
Discussion
Mutations or deletions within the LHR and the RING finger domain of CBL, and rarely CBL-B, are now firmly established as a causal event in a subpopulation of leukemias within the myelodysplastic syndrome/myeloproliferative neoplasms (myelodysplastic/myeloproliferative disorders) category. How these E3 activity-nullifying point mutations or small deletions convert CBL from a negative regulator of PTK signaling and a tumor suppressor into a dominant oncogene is not fully understood. Previous work has suggested that mutant CBL proteins attain a gain-of-function, but the structural basis for this key attribute of mutant CBL proteins remains unclear. Using CBL-Y371H, the single most common leukemia-associated CBL mutant, as a representative example, we use genetic and structure-functional analyses to reveal novel insights into mechanisms of the gain-of-function phenotype of mutant CBL proteins.
As reported previously (15) , ectopic expression of CBL-Y371H in CBL-null primary HSPCs markedly elevated the cytokine responsiveness, which reflects the ability of mutant CBL to compete with endogenous WT CBL-B (Fig. 1, C-E) . Consistent with this idea, CBL/CBL-B DKO HSPCs exhibit a dramatically higher cytokine responsiveness compared with CBL-null HSPCs (Fig. 1, F-H) , as noted previously (36, 37) . Remarkably, however, the mutant CBL-Y371H expression in CBL/CBL-B DKO HSPCs consistently led to a further increase in cytokineindependent proliferation as well as cytokine-induced hyperproliferation of these cells (Fig. 1, F-H) . Thus, although competition with CBL-B clearly accounts for a major part of the gain-of-function phenotype of mutant CBL, our analyses show that oncogenic CBL mutants enhance receptor signaling beyond what can be attributed to just a lack of functional CBL and CBL-B proteins.
A plausible mechanism to account for the gain-of-function phenotype of oncogenic CBL mutants is that the intact proteinprotein interaction domains/motifs in these mutants continue to engage the PTK signaling machinery components that are physiologically accessed by the wild type CBL/CBL-B. However, unlike WT CBL/CBL-B-associated partners, the PTKs and signaling proteins bound to E3 activity-deficient mutant CBL proteins cannot undergo ubiquitination and consequent degradation (50 -52) . Furthermore, unlike the autocatalytic ubiquitination and subsequent degradation of WT CBL/CBL-B (53, 54) , mutant CBL proteins complexed with PTKs and signaling proteins are expected to remain stable. Consistent with this notion, the leukemia-associated CBL mutants, including the CBL-Y371H, lack E3 activity (27, 32, 33) . We therefore posit that the combination of these processes transforms the mutant CBL protein into a stable adaptor to juxtapose the signaling proteins bound to mutant CBL's intact protein-protein interaction domains with the stabilized PTKs bound to its TKB domain (Fig. 7) . This model predicts that an intact TKB domain, which helps recruit the mutant CBL to surface receptor-associated PTKs, and one or more of the C-terminal motifs, which mediate interactions with downstream signaling proteins and accessory PTKs, will be essential for the mutant CBL gain-of-function. Findings presented here support such a model and establish that an intact N-terminal TKB domain and the PRR within the C-terminal portion of mutant CBL are essential for the gain-of-function of an oncogenic CBL mutant ( Figs. 4B and 5, A-D) .
A major mechanism of protein-protein interactions of CBL family proteins, which allows them to bind to and negatively regulate a number of signaling proteins, is through the induced tyrosine phosphorylation sites within the regions C-terminal to the RING finger domain (1) . Biochemical, cell biological, and animal studies have validated the importance of the phosphorylation of Tyr-700, Tyr-731, and Tyr-774 of CBL in such protein-protein interactions (6, 7, 9, 55, 56) . Therefore, we used the murine HSPC expression system to assess whether second-site Tyr 3 Phe mutations of these residues, singly or in combination, would abrogate the cytokine hyper-responsiveness imparted by the CBL-Y371H mutant ( Fig. 2A) . Surprisingly, neither single second-site mutations of the indicated tyrosine residues nor their combination had a significant impact on the cytokine hyper-responsive phenotype imparted by CBL-Y371H. This result suggested that either additional uncharacterized phosphorylation sites are responsible for the oncogenic phenotype or that a different protein-protein interaction mechanism is of primary importance in the mutant CBL gain-offunction. When the triple Tyr 3 Phe mutant of CBL-Y371H was expressed in the TF-1 leukemia cell line model, however, it partially reduced the SCF hyper-responsiveness (Fig. 4B) . However, the cytokine-independent growth advantage conferred by CBL-Y371H was not seen with this construct (Fig. 4C) . Overall, these results support the idea that the C-terminal phosphorylation sites of mutant CBL proteins are not essential, although it is likely that they contribute to oncogenesis especially under conditions where the mutant CBL gene is expressed under its physiological regulatory control. Future studies using mouse knock-in of Tyr 3 Phe mutations in the context of a mutant CBL allele should help address this issue categorically. Although the exact reason for the difference in the phenotype of the triple Tyr 3 Phe mutant of CBL-Y371H in the primary HSPC versus the TF-1 cell systems is not clear, it remains possible that the putative secondary phosphorylation sites play a less important role in the TF-1 cell system. Future proteomic studies will be needed to test this hypothesis.
The other protein-protein interaction motifs retained in CBL mutants, aside from the phosphorylation sites, are the PRR and the UBA domain. Because the PRR is extensive, we engineered an internal PRR deletion in CBL-Y371H mutant to test the role of the PRR-mediated protein-protein interactions. Notably, the PRR deletion essentially completely abrogated the gain-offunction phenotype imparted by CBL-Y371H expression in primary HSPCs as well as in TF-1 cells (Figs. 2B and 4B ). Furthermore, truncation of CBL-Y371H mutant at residue 436, which results in deletion of the PRR, the UBA domain, and the intervening sequences, similarly abrogated the gain-of-function phenotype (Fig. 4B ). Because the extent to which the gain-offunction attribute was reduced by the PRR deletion or truncation at residue 436 was comparable (Fig. 4B) , we conclude that the PRR is the primary C-terminal motif that is required for the gain-of-function mechanism we have proposed (Fig. 7) .
Further biochemical analyses carried out in the TF-1 model support the importance of the PRR in the gain-of-function phenotype of CBL mutants. Both the basal and the SCF-induced tyrosine phosphorylation of CBL-Y371H mutant was reduced by the PRR deletion (Fig. 6A ). This result suggests that any role of the Tyr(P) motifs in mutant CBL gain-of-function is likely to be largely secondary to interactions mediated by the PRR. Furthermore, although CBL-Y371H expression led to more sustained phosphorylation of c-KIT and downstream signaling intermediates ERK and AKT (Fig. 5, A-C) , these traits were lost upon PRR deletion. To ensure that these observations are not simply a reflection of the ectopic overexpression of the CBL mutant in TF-1 cells, we examined the only available myeloid leukemia cell line GDM-1 with a duplicated oncogenic mutation akin to those seen in human myeloid leukemia patients (44) . These cells also exhibited SCF-induced sustained c-KIT phosphorylation and marked hyper-phosphorylation of the endogenously expressed mutant CBL (CBL-R420Q) expressed in these cells. By employing an antibody array approach to concurrently assess the levels of phosphorylation of a larger number of signaling proteins, we confirmed the hyper-phosphorylation of ERK and AKT proteins in mutant CBL-expressing TF-1 cells and also observed moderate hyper-activation of other signaling pathways such as members of the SRC family kinases, JAK-STAT pathway, focal adhesion kinase, and PLC␥1 (Fig. 6C) . Importantly, hyper-phosphorylation of some of these signaling proteins, such as ERK, AKT, and STAT, appeared to be dependent on an intact PRR in the mutant CBL (Fig. 6C) , although more sensitive methods and broader analyses of the phospho-proteome will be needed to put these initial findings on a robust footing. Using the phosphoprotein antibody array analysis together with pulldown with GST fusion proteins incorporating the CBL TKB or the PRR, we found modest to substantial selective binding of the PRR-containing CBL-C region to SRC family kinases Lck, Lyn, Fyn, and Yes as well as to PLC␥1, whereas the phosphorylated c-KIT receptor (Fig. 6B) and STAT proteins were more selectively pulled down with the TKB domain (Fig. 6D ). Although these findings need to be further expanded using classical biochemical approaches, these initial findings further support the role of the TKB domain and the PRR in mutant CBL gain-of-function.
The pulldown results are consistent with previous work in which we and others have shown that CBL, via its proline-rich region, interacts with the SH3 domains of Src family kinases (6, 49, (57) (58) (59) (60) . The PLC␥1 SH3 domain is also known to bind to CBL (61) . The observation that these proline-rich region-interacting partners are also pulled down at lower levels with the TKB domain is also consistent with our work in which we have shown the CBL TKB domain to bind to phosphorylated Src family kinase Fyn, separate from the SH3-PRR interaction (49) . Furthermore, as signaling proteins are present in larger complexes, some indirect pulldown is expected. The pulldown analyses also confirmed the relatively preferential interaction of the CBL TKB domain with phospho-c-KIT (Fig. 6B) , as expected (50) .
Consistent with the key role of the PRR in mutant CBL gainof-function phenotype identified here, several recent reports have shown a role for SFKs in mutant CBL-dependent functional traits in leukemic cell models. Dasatinib, a multikinase inhibitor whose targets include SFKs, was shown to preferentially reduce the proliferation of a leukemic cell line that harbors a duplicated copy of mutant CBL compared with a leukemic cell line without a CBL mutation (44) . Introduction of Y371H or C384R mutants of CBL into TF-1 cells led to increased GM-CSF-induced activation of JAK2 and LYN, the latter an SFK member, as well as increased GM-CSF receptor phosphorylation, and the latter was inhibited by dasatinib (32) . Another study showed that GM-CSF hypersensitivity imparted by the CBL-Y371H mutant in TF-1 or BAF-3 cells was associated with increased SRC and LYN phosphorylation and was reversed by dasatinib (40) . Finally, a recent study in which all coding exons of CBL family proteins were analyzed in JAK2-V617F mutation-negative leukemia samples identified occasional PRR mutations which, like RING finger mutations, imparted IL3 hypersensitivity when introduced in the cytokinedependent cell line 32D-FLT3 (62) .
How might the PRR participate in promoting the gain-offunction phenotype of oncogenic CBL mutants? Our data and previous studies cited above collectively point to a role of SFKs and potentially of PLC␥1. Mechanistically, the PRR forms a primary determinant of the interaction of CBL family proteins with SFKs (59); however, as we have demonstrated using the SFK FYN (49), additional SFK SH2 domain binding to phospho-CBL and CBL-TKB domain binding to phospho-SFK are also involved. The PRR-recruited SFKs may promote mutant CBL gain-of-function in many ways. For example, their juxtaposition to upstream receptors and their associated intrinsic (e.g. c-KIT) or associated (e.g. JAK2) tyrosine kinases can lead to hyper-activation of signaling through pathways directly recruited both by SFKs (via their SH2 domain) and phosphorylated receptors/RTKs. Consistent with such an idea, recent studies indicate that mutant CBL-dependent AKT hyper-phosphorylation in TF-1 and BAF-3 cell lines is SFK-mediated (39) . Mutant CBL PRR-recruited SFKs could also promote the hyperphosphorylation of upstream receptors/RTKs, resulting in enhanced recruitment of signaling machinery components to these receptors, a suggestion consistent with increased pull-down of phosphorylated STAT proteins with CBL TKB domain (Fig. 6C ). This mechanism is consistent with our results (Fig.  5A ) and those of others (32) in the context of hematopoietic growth factor receptors and our previous studies demonstrating the hyper-phosphorylation of PDGF or EGF receptors and activation of their downstream signaling in non-hematopoietic cells expressing oncogenic CBL mutants (14, 64 -66) . It is also possible that SFKs promote the hyper-phosphorylation of mutant CBL, consistent with our results (Fig. 5A) , although our studies suggest that this mechanism may be either dispensable (lack of an effect of mutating three major sites of phosphorylation) or involve redundant phosphorylation of other tyrosine residues.
Although the SFK interaction with mutant CBL PRR is of obvious interest, the PRR is known to mediate interactions with a variety of other adaptor (e.g. Grb2 and related adaptors, Nck, CBL-associated protein or CAP, CIN85, and others) or enzymatic proteins (e.g. PLC␥1, PI3K, and others) in PTK signaling pathways (1, 4 -7, 19, 65, 67, 68) , of which we show a PRR-dependent interaction of PLC␥1 (Fig. 6C ). It remains possible that the PRR in mutant CBL is displayed differently compared with that in the WT protein, resulting in binding to novel proteins. Also, the spectrum of signaling proteins represented in the array we utilized was relatively narrow. Thus, it is likely that other unknown proteins interacting through the PRR region are more critical in the gain-of-function phenotype of mutant CBL. Future extension of the biochemical approaches used here together with unbiased proteomics will be needed to determine the extent to which one or more of these proposed mechanisms may be involved.
A particularly important downstream pathway exaggerated in mutant CBL-associated leukemias is the RAS pathway, and CBL mutations in JMML are mutually exclusive with other RAS pathway activating mutations such as those in PTPN11, NF1, or NRAS/KRAS, indicating a key role of this signaling pathway in leukemogenesis (28, 34) . Notably, the prolonged ERK and AKT phosphorylation imparted by CBL-Y371H was abrogated by the PRR deletion (Fig. 5, A and C) . Thus, we surmise that the PRR of mutant CBL may also be essential to engage the RAS signaling pathway, which is thought to be critical for leukemogenesis by CBL mutants based on clinical observations. Our observations that the oncogenic phenotype of the CBL-Y371H mutant is abrogated by the PRR deletion or truncation stand in contrast to the impact of truncating the C terminus of WT CBL, which showed that the TKB and RING finger domains were necessary and sufficient for the ubiquitination and degradation of RTKs and non-receptor PTKs (50, 51) . Mutations of the RING finger domain or the LHR abolish the E3 activity of CBL (49 -52, 56, 65, 66, 69 -72) , and this has been demonstrated for several human leukemia-derived CBL mutants, including Y371H (15, 32, 73) . As the E3-inactivating LHR mutation is still present in the second-site mutants of CBL-Y371H with PRR or entire C-terminal region deletion (Fig. 4, B and C) , these results support the notion that loss of E3 activity is required but not sufficient for oncogenesis by CBL mutants. This notion is consistent with a previous analysis of introduced mutations of the LHR of CBL, which identified mutants that were non-transforming in rodent fibroblasts despite their loss of E3 activity (74) . It is notable that viral CBL represents a vastly more truncated protein that encompasses only the TKB domain (residues 1-357) (75) , and its ability to transform fibroblasts is dependent on its intact TKB domain (14) . Yet, v-CBL sequences alone cause milder transformation of rodent fibroblasts compared with LHR mutants that retain the C-terminal region (48) . When these sequences were expressed in a hematopoietic cell line, mild cytokine hyper-responsiveness was seen, although a direct comparison with mutant CBL proteins that retain the C-terminal region was not performed (76) . Yet, truncation mutants of CBL akin to the v-CBL oncogene are not observed in human leukemias. Together, these findings further support our model that effective leukemogenic ability of mutant CBL proteins involves a gain-of-function that requires an intact C-terminal region, particularly the PRR of mutant CBL, in addition to an N-terminal TKB domain.
In conclusion, our second-site mutational analyses of the most common leukemia-associated CBL oncogene reveal the structural basis for its gain-of-function and identify an essential role of the TKB domain and the PRR of mutant CBL in oncogenesis. Further identification and characterization of partners of mutant CBL's TKB domain and the PRR should provide a fruitful approach to further elucidate mutant CBL oncogenesis and reveal potential strategies to treat leukemias associated with CBL mutations.
Experimental Procedures
Reagents and Antibodies-Anti-hemagglutinin (HA) epitope monoclonal antibody (clone 12CA5) was purified i-house as described (77) . Anti-phospho-ERK1/2 (pERK1/2), anti-ERK1/2 (ERK1/2), anti-phospho-AKT (pAKT), anti-AKT (tAKT), antiphospho-c-KIT (p-c-KIT), anti-c-KIT anti-phospho-CBL (Tyr-700), and anti-phospho-CBL (Tyr-774) were obtained from Cell Signaling Technologies. Goat anti-mouse and anti-rabbit HRP-conjugated secondary antibodies were obtained from Invitrogen. Glutathione-Sepharose beads were from GE Healthcare. Biochemicals were from Sigma or Life Technologies, Inc., unless indicated.
Vectors and Cloning-WT HA-CBL cDNA sequences obtained from the MSCV promoter-driven pGCDNsam retrovirus constructs containing an IRES-EGFP have been described (15) . HA-CBL sequences were released by BamHI digestion of previously described pAlterMax2 mammalian expression constructs (77) and cloned non-directionally into the BamHI site of pGCDNsam-IRES-EGFP followed by screening for clones with desired directionality using AgeI/PvuII double digestion.
Site-directed Mutagenesis-All mutagenesis was performed in the pAlterMax2 vector before cloning the cDNAs fragments into retroviral vector to minimize potential deleterious effects of undesired mutations in the retroviral vector backbone. Complementary forward and reverse primers containing the desired mutations were designed using the QuikChange Primer Design Program (sequences are shown in Table 1 ). These were used for mutagenesis using the QuikChange mutagenesis kit according to the supplier's recommendation (Agilent Technologies). The presence of introduced mutations and lack of any undesired PCR-introduced changes were validated by sequencing the entire HA-CBL cDNA within the construct (sequencing primer sequences listed in Table 2 ).
Mice-Cbl Ϫ/Ϫ (CBL-null) and MMTV-Cre; Cbl flox/flox ; Cbl-b Ϫ/Ϫ (CBL/CBL-B-null) mice on a C57BL/6 background (36, 37) were housed under specific pathogen-free conditions at the Center for Comparative Medicine of the University of Nebraska Medical Center. All mouse experiments were approved by the Institutional Animal Care and Use Committee.
Culture of Established Cell Lines-TF-1 human erythroleukemic cell line (ATCC) was cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (HyClone) and 2 ng/ml recombinant human GM-CSF (PeproTech). THP-1 human monocytic leukemic cell line (ATCC) and GDM-1 human myelomonoblastic leukemic cell line (ATCC) were cultured in RPMI 1640 medium (HyClone) supplemented with 10% fetal bovine serum. Phoenix-Eco and Phoenix-Ampho packaging cell lines were obtained from ATCC and grown in DMEM supplemented with 10% fetal bovine serum.
Mouse Bone Marrow-derived HSPC Isolation-Primary bone marrow cells harvested from femurs and tibiae of mice and lineage marker-negative cells, representing the HSPCs, were MACS-purified (Miltenyi) using a lineage depletion kit (Miltenyi) according to the manufacturer's instructions. HSPCs were cultured in ␣-minimal essential medium supplemented with 10% fetal bovine serum, 25 ng/ml recombinant murine SCF, 10 ng/ml recombinant murine TPO, and 10 ng/ml recombinant 
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Sequence (5-3) murine FLT3 ligand (all from PeproTech). All cells were grown in 37°C incubators with 5% CO 2 .
Retrovirus Production and Infection-Phoenix-Eco or Phoenix-Ampho packaging cell lines were used to produce viruses for infection of mouse or human cells, respectively. The cells were plated in 10-cm plates and transfected with 20 g of retroviral vector and 7 g of the appropriate envelope vector (pCL-Eco for Phoenix-Eco and pIK for Phoenix-Ampho, respectively) (Phoenix-Eco and Phoenix-Ampho were from ATCC; pCL-Eco was a gift from Dr. Inder Verma, Salk Institute; plK was a gift from Dr. David Root, Broad Institute) using the calcium phosphate method (72) . Supernatants were collected at 48, 60, or 72 h post-transfection and filtered through a 0.45-m cellulose acetate syringe filter (WWR International). For TF-1 infections, supernatants were directly added to the cell as a 1:1 mixture with regular TF-1 cell growth media along with 4 g/ml Polybrene. Cells were collected 2 days after infection and sorted for GFP expression. For primary HSPC infections, supernatants were concentrated 100-fold using the Retro-X Concentrator (Takara), according to the manufacturer's instructions. 24-Well non-tissue culture treated plates were coated with Retronectin (Takara) to allow virus coating, according to manufacturer's instructions. 125,000 HSPCs were added to each well, 12 h after culturing with SCF (50 ng/ml), FLT3L (10 ng/ml), and TPO (10 ng/ml). 10 l of concentrated retrovirus was added in a final volume of 0.5 ml. Then the cells and virus were centrifuged at 1000 ϫ g at room temperature for 2 h, after which the plates were incubated at 37°C in a 5% CO 2 incubator. A second aliquot of concentrated virus was added after 12 h, followed by the second round of centrifugation as described above. Cells were collected 2 days after the last infection, and GFPϩ (infected) cells were FACS-sorted for further studies.
Proliferation and Colony Forming Assays-Triplicate cultures of TF-1 cells were grown in GM-CSF-free medium for 24 h before being switched to fresh culture medium containing the indicated concentration(s) of the specified cytokine. After 3 days of culture, ATP levels were quantified as a measure of increase in viable cell number using the CellTiterGlo ATP bioluminescence reagent, according to supplier recommendations (Promega). For HSPCs, GFP-positive cells were directly FACS-sorted at 50 cells/well into triplicate wells of 96-well U-bottom plates pre-filled with HSPC medium containing specific cytokines at the indicated concentrations. After 3-5 days of growth, proliferation was scored either by CellTiter-Glo ATP bioluminescence or by direct counting of cells (pictures were taken for each well and number of cells counted using ImageJ). For the colony forming assay, GFP-positive (retrovirus-infected) HSPCs were FACS-sorted, and 10,000 cells were plated in triplicate in 35-mm dishes in MethoCult M3234 medium (StemCell Technologies) containing the indicated cytokines. After 7-14 days of growth, colonies were scored by visual counting in images obtained using an inverted microscope.
Immunoprecipitation/Western Blotting-TF-1 cells were GM-CSF-deprived for 24 h and then stimulated with 100 ng/ml recombinant human SCF for the indicated times. At each time point, the plates were placed in an ice water bath, and cells were rinsed twice with cold PBS. Cells were then lysed in Triton X-100 lysis buffer (1% Triton X-100, 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM NaVO 3 , 10 mM NaF) containing a mixture of protease inhibitors (Sigma), and lysate protein was quantified using the BCA reagent (Thermo Fisher Scientific). 100-g aliquots of lysate protein were resolved on 8 -9% polyacrylamide gels, transferred to PVDF membranes (Millipore) overnight, blocked for at least 2 h in 4% BSA in 50 mM Tris, pH 7.5, 100 mM NaCl, 0.1% Tween 20 (Bio-Rad) (TBS-T), and immunoblotted (primary antibodies at 1:1000 and secondary antibodies at 1:20,000), as described (66, 72) . For immunoprecipitation, 1-2 mg of lysate protein in 500 l of Triton X-100 lysis buffer were incubated overnight with 3 g of anti-HA antibody, and immune complexes were captured using protein G-Sepharose beads followed by immunoblotting as above.
Phosphokinase Antibody Array Analysis-The Proteome-Profiler antibody array kit, which can provide quantitative assessment of site-specific phosphorylation of tyrosine kinases, were purchased from R&D Systems. TF-1 cells expressing the empty vector, CBL-Y371H, or CBL-Y371H-⌬PRR were grown in GM-CSF-free medium for 24 h and stimulated with SCF for 15 min. Cell lysates were prepared in the antibody array sample buffer supplied by the manufacturer and analyzed following the manufacturer's protocol.
GST Fusion Protein Pulldown Analyses-The GST fusion proteins that include the CBL TKB domain (GST-CBL-N; amino acids 1-357 of human CBL) or the CBL PRR (GST-CBL-C; amino acids 358 -906) were prepared as described previously (63, 77) . The indicated amounts of cell lysate protein and GST fusion proteins non-covalently immobilized on glutathione-Sepharose CL4B beads (GE Healthcare) (amounts indicated in figure legends) were incubated overnight at 4°C. After washing the beads, the bound proteins were resolved on 9% polyacrylamide gels followed by immunoblotting with anti-Tyr(P) antibody (4G10) and re-probed with an anti-phosphoc-KIT antibody. To carry out phosphokinase antibody array analysis of CBL-TKB-or CBL-PRR-binding proteins, pulldowns were carried out from 5-mg aliquots of lysate protein aliquots with 5 mg of GST fusion proteins (GST-CBL-N and GST-CBL-C), and bound proteins were eluted by re-suspending packed beads (after the last wash) with an equal volume of TBS, 1% SDS and incubation at 95°C for 5 min. The mixture was cooled to room temperature and diluted with 10 volumes of phosphokinase antibody array sample buffer (from R&D Systems). After a brief centrifugation, the supernatants were collected and used for antibody array analysis as above.
Statistics-Unpaired Student's t test on Prism was used to calculate the p values. Values Ͻ0.05 were considered significant.
